Abstract Chlorite dismutase (Cld) is a heme enzyme capable of rapidly and selectively decomposing chlorite (ClO 2 -) to Cl -and O 2 . The ability of Cld to promote O 2 formation from ClO 2 -is unusual. Heme enzymes generally utilize ClO 2 -as an oxidant for reactions such as oxygen atom transfer to, or halogenation of, a second substrate. The X-ray crystal structure of Dechloromonas aromatica Cld co-crystallized with the substrate analogue nitrite (NO 2 -) was determined to investigate features responsible for this novel reactivity. The enzyme active site contains a single btype heme coordinated by a proximal histidine residue.
Introduction
Anthropogenic deposition of pollutant compounds has led to the proliferation of microbes capable of degrading a wide range of compounds and utilizing a variety of terminal electron acceptors [1] [2] [3] . Examples include organisms capable of using AsO 4 - [4] [5] [6] and SeO 4 - [7, 8] from industrial or agricultural output. Dechloromonas aromatica RCB is a beta-proteobacterium that has been able to exploit the primarily man-made oxidants perchlorate (ClO 4 -) and chlorate (ClO 3 -) as terminal respiratory acceptors to yield innocuous chloride ion and molecular oxygen [9] [10] [11] .
The pathway involves two enzymes [12] . The first is a molybdopterin-dependent oxotransferase, perchlorate reductase [13] . Perchlorate reductase enzymes, which are highly homologous to dissimilatory nitrate reductases, reductively convert ClO 4 -or ClO 3 -to chlorite (ClO 2 -) [13, 14] . The buildup of ClO 2 -is toxic to the organism and is removed via the action of a second enzyme, chlorite dismutase (Cld) [15] . Cld is a protophorphyrin IX (b-type) heme enzyme responsible for decomposition of chlorite into Cl -and O 2 . Whereas other heme enzymes are known to react with chlorite, the highly efficient generation of O 2 from this substrate is unique to Cld [16] [17] [18] [19] [20] [21] . Previous kinetic studies have confirmed the stoichiometric conversion of ClO 2 -to Cl -and O 2 [21] . Oxygen-18 labeling studies have demonstrated ClO 2 -as the sole source of product O 2 , thereby requiring the formation of a new O-O bond during the course of catalysis [21, 22] . This makes Cld the only known enzymatic system outside photosystem II that has evolved to efficiently catalyze O-O bond formation. The recent crystal structure of Cld from Azospira oryzae has a b-sheet-dominated fold that is novel among heme enzymes [23] . Furthermore, annotated cld genes are widespread in non-perchlorate-metabolizing bacteria and archaea, constituting their own independent cluster of orthologs [9] . Clds therefore appear to occupy a unique, largely undescribed niche in heme enzyme chemistry.
The central intermediate for many heme enzymes is a ferryl porphyrin radical species known as compound I [(Por
•? )Fe(IV)=O]. Chlorite is a thermodynamically robust oxidant [E m,pH 7.0, 25°C (ClO 2 -/Cl -) = ?1,175 mV], and should be capable of compound I formation. The postulated mechanism of Cld involves heterolytic cleavage of the Cl-O bond to form compound I [21, 22] . The hypochlorite (ClO -) generated is proposed to rebound in a nucleophilic attack on the oxo group of compound I, generating Cl -and O 2 and returning the enzyme to its resting state (Scheme 1). However, a concerted mechanism, involving iron and bidentate chlorite in an energetically strained fourmembered ring in the transition state, has not been definitively ruled out.
Heme enzymes have evolved to catalyze a wide variety of reactions via the compound I intermediate [24, 25] . These include one-electron oxidation of diverse cosubstrates ranging from small aliphatic to large aromatic compounds (peroxidases) [24, 25] , the two-electron oxidation of peroxide leading to O 2 (catalase), hydroxylation (peroxygenases, cytochromes P450), and chlorination (chloroperoxidases) [19, [26] [27] [28] [29] [30] [31] [32] [33] [34] . It should be noted that catalase does not catalyze O-O bond formation as this bond is already present in the peroxide substrate. Many of these enzymes can also catalyze the oxidation, albeit less efficiently, of more than one cosubstrate [24, 35, 36] . However, the proposed chlorite-derived compound I is surprisingly faithful to chlorite decomposition [22] . When the Cld reaction is run in the presence of a variety of cosubstrates that could potentially undergo oxidation, oxygenation, or chlorination, Cld-catalyzed chlorite decomposition is overwhelmingly favored [22, 35] . This acute specificity of Cld for a single substrate is unusual.
Here we report the crystal structure of D. aromatica RCB Cld bound with the substrate analog and enzyme inhibitor, nitrite (NO 2 -). The current structure offers new insight into structural features responsible for the rapid and highly selective removal of chlorite through the catalytic action of Cld.
Materials and methods

Protein expression and purification
Protein expression and purification were carried out as previously described [21] . Briefly, the gene encoding Cld from D. aromatica with its twin arginine leader peptide removed was expressed from the pET41a vector in Tuner(DE3) Escherichia coli cells (Novagen). A single colony from a freshly streaked plate was used to grow an overnight 5-mL culture, which was inoculated 1:100 into 50 mL of terrific broth supplemented with kanamycin (50 mg mL -1 ) and grown on a shaker-incubator at 37°C (New Brunswick, 250 rpm). The freshly saturated (6 h) culture was inoculated 1:100 into 1 L of terrific broth/ kanamycin and the culture was grown (30°C) to the midlogarithmic phase (optical density at 600 nm of 0.4-0.5). Hemin, FeSO 4 , and isopropyl b-D-thiogalactopyranoside Scheme 1 Proposed mechanism of action of chlorite dismutase. The asterisk denotes the off-pathway formation of the tryptophanyl radical were then added to final concentrations of 1, 1.6, and 0.1 mM, respectively, and the temperature was reduced to 20°C. After 16 h, the culture was centrifuged and the resulting cell pellet resuspended in 5 mL g -1 of wet cell paste of 100 mM phosphate buffer (pH 6.8). The suspension was lysed by sonication and clarified by centrifugation (41,000g for 45 min at 4°C). The deep-red supernatant was dialyzed against 20 mM tris(hydroxymethyl)aminomethane-Cl pH 8.6 (4°C) and loaded onto (diethylamino)ethyl resin (GE Biosciences) equilibrated with the same buffer. The flow-through was collected and concentrated in a nitrogen gas pressurized stirred cell to 5-15 mL. The sample was then loaded onto a 500-mL Sephacryl S-200 HR gel filtration column and run at 0.4 mL min -1 with 100 mM phosphate buffer (pH 6.8). The eluted proteins were screened by sodium dodecyl sulfate polyacrylamide gel electrophoresis, and the pure fractions were pooled. Protein was concentrated by centrifugation at 4,000g and 4°C using 10-kDa molecular mass cutoff Amicon concentrators. Protein aliquots were snap-frozen in liquid nitrogen and stored at -20°C at 5-20 mg mL -1 as determined by the Bradford assay. Heme stoichiometry was determined via the pyridine hemochrome assay.
Measurement of binding constants
For each titration, an 8.0 lM enzyme sample was prepared in 150 lL of the appropriate buffer in a quartz cuvette and its spectrum was recorded. Solutions of the ligands to be titrated (nitrite and acetate) were prepared in the same buffers at 3-2,000 mM and added in 5-lL aliquots. Spectra were repeatedly measured after each addition until the samples equilibrated. When the titration appeared complete, a ligand stock of tenfold higher concentration was added in 5-lL aliquots to ensure that a clear end point had been reached. Difference spectra were generated from spectra that had been corrected for sample dilution. The wavelength of maximal absorption change was used to construct a plot of the change in absorbance versus the total added ligand concentration and this was fit by least-squares regression (Kaleidagraph) to an equilibrium isotherm of the form: Crystallization and X-ray data collection Cld crystals were grown in the presence of the substrate analog nitrite (NO 2 -) using 16-18% poly(ethylene glycol 8000), 0.2 M calcium acetate, and 0.1 M 2-(N-morpholino)ethanesulfonate (MES) buffer at pH 6.5 as previously reported [38] . Cld crystals were also grown at higher pH using 16-18% poly(ethylene glycol 8000), 0.2 M calcium acetate, and 0.1 M bicine buffer at pH 9.0.
Before X-ray data collection, Cld crystals were soaked in a solution consisting of the appropriate pH mother liquor containing 20% poly(ethylene glycol 600). X-ray data sets were collected from single crystals cooled to -173°C at the Advanced Photon Source, Argonne National Laboratory (beamline 19-ID, Structural Biology ConsortiumCollaborative Access Team) [38] . Both the pH 6.5 and 9.0 crystals had similar diffraction quality and were isomorphous (space group P2 1 2 1 2 1 ).
Structure determination and refinement
The structure of D. aromatica Cld was solved by molecular replacement into the pH 9.0 data set. The search model consisted of monomers derived from the recent crystal structure of Azospira oryzae Cld (solved as a hexameric oligomer) [23] , which is 97% sequence identical to D. aromatica Cld, inserted into a pentamer manifold derived from Thermoplasma acidophilum Cld [Protein Data Bank (PDB) entries 2vdx and 3dtz, respectively]. The program PHASER, part of the CCP4 program suite, successfully placed three pentamers within the crystallographic asymmetric unit (ASU) [39] . During refinement a fourth pentamer was located in the electron density and placed to complete the ASU. Model building was carried out using 15-fold (for the initial three pentamers identified) then 20-fold-averaged maps generated using COOT [40] . Refinement of the model was performed using REFMAC5.5 imposing 15-fold then 20-fold noncrystallographic symmetry (NCS) restraints on the peptide backbone and amino acid side chains in conjunction with TLS parameters [41, 42] . Tight NCS restraints were imposed during the early stages of model building and refinement. The NCS restraints were relaxed as model building progressed, with the final refinement cycle imposing medium NCS restraints on peptide backbone residues and loose restraints on amino acid side chains. In addition to the NCS restraints, the Fe-O bond distance between the heme iron and nitrite ion (NO 2 -) was restrained to 2.0 Å during refinement. Model building and refinement were deemed to be complete when all interpretable areas of the 2F o -F c and F o -F c maps were explained. Good stereochemistry and minimized R factors were used as criteria to confirm the quality of the finished model. The pH 6.5 structure was solved by difference Fourier, and refined using the same parameters and restraints in REFMAC5.5 as those used in the final rounds of refinement for the pH 9.0 structure. The same criteria as for the pH 9.0 structure were used to decide when the pH 6.5 structure was finished.
Coordinates and structure factors have been deposited in the PDB with accession numbers 3m2q (pH 6.5) and 3m2s (pH 9.0).
Results
X-ray data collection and crystal structure overview
Diffraction data in the space group P2 1 2 1 2 1 were recorded to 3.0-Å resolution for Cld/nitrite co-crystals grown at pH 9.0 (Table 1) or pH 6.5 [38] . The pH 6.5 diffraction data statistics have been published previously [38] . The data collected at either pH have similar statistics, with an overall R merge of 8.7-10.5%, where all shells display between 97 and 100% completeness with multiplicity between 6.7 and 8.3. Cld/nitrite co-crystals at both pH 9.0 and 6.5 provided a final structure to 3.0-Å resolution (Table 1 ) with four pentamers in the ASU. The crystal structures of three hemeless Cld homologs from different organisms have been determined through structural genomics initiatives (PDB codes 3dtz, 1vdh, and 1t0t) and are pentameric [43] . These homologous proteins are not expected to have Cld activity, as the organisms lack perchlorate reductase and are not known to metabolize chlorite; however, their biological function is currently unknown. De Geus et al. [23] have recently solved the crystal structure to 2.1-Å resolution of a hexameric form of a bone fide Cld from A. oryzae (PDB code 2vdx) that contained heme, but demonstrated by native mass spectrometry that the physiological oligomer in solution is indeed pentameric. In the D. aromatica Cld crystal structure reported here the oligomeric state is the physiological pentamer (Fig. 1a, Fig. S1 ).
A cation is bound at the monomer/monomer interface. As 200 mM calcium acetate was used for the crystallization, this has been assigned as a calcium ion (Fig. S2 ). Sequence alignment of over 300 Clds and their homologs identified Asp-192, one of the Ca 2? ligands, as highly conserved, possibly indicating a structural role for this residue. However Ca 2? is not required for pentamer formation, as the previously published structural genomics models do not have Ca 2? bound and all are pentameric in the crystal structure. Each monomer contains a single protoporphyrin IX or b-type heme coordinated by a proximal His-170, hydrogen-bonded to Glu-220 (Fig. 1b) .
Structure analysis and model building
Comparing 20-fold-averaged 2F o -F c maps between the pH 6.5 and pH 9.0 structures reveals a region of density exclusive to the pH 6.5 model (Fig. S3) . Subsequent rounds of model building followed by refinement revealed this density as a single molecule of the anionic buffer MES hydrogen-bonded to Arg-183 (Fig. S3) . Outside the bound MES, the superimposed pH 6.5 and 9.0 structures are highly similar (root mean square deviation per monomer of 0.148 Å ). The figures, unless noted otherwise, were generated using the pH 6.5 structure, as pH 6.5 is closer to the optimal pH for Cld activity (pH 5.2) [44] .
Both unaveraged and 20-fold-averaged maps clearly identified the binding of a ligand to the distal face of the heme iron. This ligand was assigned as a nitrite ion (NO 2 -) (Fig. 2a) . Formation of a Cld/nitrite complex leads to a redshift in the UV/vis spectrum of the Soret band (Fig. S4) , and nitrite binds Cld with a K D of 1,120 ± 50 lM at pH 6.5 (Fig. S5a) . Two different binding modes of nitrite have been crystallographically characterized in other heme proteins; N binding and O-monodentate binding [45] [46] [47] . Owing to the medium resolution of the D. aromatica Cld crystal structure, both N binding and O-monodentate binding as well as O,O-bidentate nitrite binding modes were modeled and subsequently refined against the Cld data. Only the O-monodentate binding model (nitrito ligation) adequately explained the heme distal electron density, and resulted in no steric clashes with the nearby Arg-183 (Fig. 2a) . Acetate, a component of the crystal growth medium, is also capable of binding to Cld (Fig. S4) . However, acetate binding (K D = 36,000 ± 2,000 lM, pH 6.5, Fig. S5b ) under the crystal growth conditions (7.8-fold excess of acetate over nitrite) is unlikely to be a major component of the distally bound species, and this is consistent with the triatomic shape of the electron density.
The initial 20-fold-averaged 2F o -F c maps clearly showed the presence of a 13-residue stretch that was disordered, and thus absent, in the original 2vdx search model (residues 218-230). Subsequent refinement confirmed the presence of the missing fragment (Fig. 2b) , which contributes significantly to the formation of the proximal heme pocket. In particular, Glu-220 within this stretch of residues is strictly conserved amongst bone fide Clds, and forms a hydrogen bond with the proximal His-170 ligand to heme iron (Fig. 2a) . Hydrogen bonding of Glu-220 to the imidazole of His-170 lends anionic/imidazolate character to the proximal ligand (Scheme 1) [48] . A similar aspartate/histidine motif is widely observed in heme peroxidases [49] , and has been shown to stabilize the iron in its reactive five-coordinate high-spin ferric state.
Discussion
The structure of D. aromatica Cld reveals a sequestered distal heme environment promoting the efficient and specific conversion of chlorite to Cl -and O 2 . Heme-based peroxidases and catalases depend on broadly conserved arginine/histidine or asparagine/histidine residues in their distal pockets for positioning substrates, stabilizing charge, and facilitating bond cleavage [24, [49] [50] [51] . The histidine residues have a further role as active-site bases toward H 2 O 2 (pK a [ 11) . In Cld, a single Arg-183 is the only apparent ionizable residue in the distal pocket, and has one face of the side chain primarily in contact with hydrophobic side chains, whereas the other is solvent-exposed (Figs. 2a, 3) . a Data collection statistics for pH 6.5 data can be found in Goblirsch et al. [38] b Numbers in parentheses represent values in the highest-resolution shell c R merge = R i |I hkl,i -hI hkl i|/R hkl R i I hkl,i , where I is the observed intensity and hIi is the average intensity of multiple measurements d R free , R factor based on 5% of the data (test set) excluded from refinement. The data selected were the same for the pH 6.5 and 9.0 data sets e R factor = R||F o | -|F c ||/R|F o |, where |F o | is the observed structure factor amplitude and |F c | is the calculated structure factor amplitude f Based on values obtained from PROCHECK [66] g Diffraction-component precision indicator based on the R factor [67] J Biol Inorg Chem (2010) 15:879-888 883
Although the Cld reaction is not expected to require base catalysis (HClO 2 /ClO 2 -pK a = 1.82), Arg-183 may fulfill any number of other chemical roles that are analogous to those described for peroxidases, such as the well-studied Arg-38 in horseradish peroxidase isoenzyme C shown to be critical for substrate positioning, polarization of the peroxide O-O bond, and compound I stabilization [52] [53] [54] . In addition, it likely acts as a gate controlling the entry of substrate chlorite into the distal pocket, and thus reactivity at the iron center. The Cld crystal structure from A. oryzae has a solvent-accessible heme cofactor, which the authors suggest allows free diffusion of substrate to the enzyme active site (Fig. 4a) [23] . However, the 13-residue stretch that is disordered in the A. oryzae structure, but ordered in the D. aromatica structure (residues 221-228; Fig. 2b) , completely sequesters the heme from solvent (Fig. 4b) . Examination of D. aromatica Cld suggests access to the heme distal pocket is likely via increased flexibility of the Arg-183 side chain in the absence of a suitable distally bound heme ligand (Fig. 3) . Unusually, the Arg-183 side chain makes no hydrogen bonds or salt bridges with surrounding protein residues, only the heme-bound nitrito, and one face of the side chain is directly solvent accessible. As such, Arg-183 is likely to have considerable mobility in the absence of an interaction with a suitable heme iron distal ligand. This may be a factor contributing to the poor diffraction quality of Cld crystals in the absence of bound Fig. 1 Overview of the chlorite dismutase (Cld) crystal structure. a The pentamer structure. b Cld monomer. Monomers shown as a cartoon with heme drawn in gray sticks, and the iron center represented as an orange sphere. Calcium ions are shown as green spheres. Nitrite and relevant residues are colored by atom (carbon, green). This figure was generated using PyMOL (http://www. pymol.org/) Fig. 2 Stereo images of Cld 2F o -F c electron density. The blue mesh represents the 20-fold-averaged 2F o -F c map contoured at 3.0r. a Cld active site at pH 6.5. Nitrite is modeled as a direct ligand bound end-on to the heme (nitrito ligation). The model is drawn as sticks and colored by atom (carbon, green). b The newly modeled residues 218-230 drawn as sticks and colored by atom (carbon, yellow). In addition, part of a b-sheet is displayed to show the general quality of the fit between the electron density and the model. The model is drawn as sticks and colored green. Iron is drawn as an orange sphere. The heme porphyrin is drawn as sticks and colored green. Arg-183 and His-170 are drawn as sticks and colored by atom (carbon, green). This figure was generated using PyMOL (http:// www.pymol.org/) Fig. 3 Proposed Arg-183 gate. Surface residues close to the heme active site are drawn as solvent-accessible green spheres except for Arg-183, which is drawn as white spheres. The heme cofactor and bound nitrite are drawn as sticks colored by atom, and lie directly behind Arg-183. A hydrogen carbonate molecule was superimposed from the Azospira oryzae Cld model (Protein Data Bank entry 2vxh) [23] onto the Dechloromonas aromatica Cld model using COOT [40] and is drawn as red sticks. This figure was generated using PyMOL (http://www.pymol.org/) ligand [38] . Direct and unhindered binding of substrate to the iron is supported by steady-state kinetic data for Cld, which exhibits simple saturation kinetics, with the Michaelis complex being modeled as a collision complex between chlorite and the enzyme [21] .
Once a ligand is coordinated to the heme and Arg-183 mobility is restricted, the distal pocket becomes sequestered from solvent (Fig. 5 ). In the crystal structure presented here, nitrite, an analogue of substrate chlorite (ClO 2 -), is modeled as binding to the iron via a single oxygen atom (nitrito ligation), with the nitrogen atom hydrogen-bonded to Arg-183 (Fig. 2a ). An analogous coordination mode for chlorite would appear ideal for polarizing and thereby promoting heterolytic cleavage of the O-Cl bond to generate compound I and hypochlorite. Owing to the nature of chlorite, the preferred binding geometry for the substrate could involve rotation around the O-Fe coordination bond, for example by chlorite 180°c ompared to that observed for nitrite (Fig. 2a) . Modeling of chlorite in this alternative geometry into the Cld structure is sterically compatible, and enables hydrogen bonding of the second oxygen atom with Arg-183. Interestingly, the pH 6.5 structure shows Arg-183 hydrogen-bonded to both the nitrito ligand and an anionic buffer molecule poised at the threshold to the active site (Fig. S3) . At pH 9, Arg-183 interacts solely with the nitrito ligand. These observations are consistent with an extensive pH-dependent spectroscopic and reactivity study of Cld which showed an enzyme-associated pK a near pH 6.5 [44] . This was attributed to loss of a proton and hence positive charge by Arg-183. The protonated, more electropositive Arg-183 might be expected to be able to accommodate hydrogenbonding interactions with both anions. This form of the enzyme was also more catalytically active.
After generation of compound I and ClO
-, the Cld mechanism proposed by Streit and DuBois [21] requires rebound of ClO -to the compound I intermediate (Scheme 1). The tight distal pocket provided by Leu-185, Thr-198, Phe-200, and Arg-183 would be expected to trap hypochlorite in proximity to the highly reactive compound I center. Such a structural motif is consistent with the specificity of Cld for its small substrate, and the lack of detectable hypochlorite escape during catalytic turnover [21] . Thermal fluctuations allowing ClO -to sample alternative orientations within this confined rebound space likely ensure rapid O-O bond formation once hypochlorite is correctly positioned for nucleophilic attack (Scheme 1). Furthermore, side chains from Leu-185, Thr-198, and Phe-200 also make the tight distal pocket relatively hydrophobic (the hydroxyl group of the Thr-198 side chain points away from the distal pocket and is hydrogen-bonded to a neighboring residue). As hypochlorite has an appreciable dipole moment (2.27 D) about its Cl-O bond [55] , orientation of the chlorine atom toward this hydrophobic portion of the distal pocket may be energetically favored. This would further help reposition the hypochlorite oxygen atom for nucleophilic attack on the oxo group of compound I. The structure of A. oryzae Cld contained hydrogen carbonate bound to the surface of the protein close to Arg-183 [23] . This led De Geus et al. [23] to suggest this surface position as a possible rebound pocket for hypochlorite. However, an overlay of the hydrogen carbonate position on the current Cld structure shows the binding site is well removed from the reactive iron center (approximately 11 Å ), and would require protein motion to enable transfer from the sequestered distal pocket to this surface site (Fig. 3) . Such a remote and solvent-exposed rebound pocket for hypochlorite appears unlikely given the expected efficient rebound with compound I and the evidence for lack of hypochlorite escape. Keeping the hypochlorite within the tight confines of the heme distal pocket would be more consistent with the experimental data regarding Cld catalysis.
The small sequestered Cld distal pocket would appear to be a key feature in explaining both the rapid turnover and the substrate specificity of Cld (k cat /K m = 3.5 9 10 7 M -1 s -1 , 4°C, pH 6.8) compared with other heme enzymes [21] . The larger distal pockets of peroxygenases and some catalases permit access of a second cosubstrate molecule to the compound I oxidant [56] [57] [58] . Access to compound I in peroxidases is sterically restricted, causing substrates to bind and react near the d-heme (or in a few cases c-heme) edge [59] . When Cld reacts with chlorite in the presence of potential cosubstrates, the decomposition of chlorite is overwhelmingly favored, with little or no oxidation of the second molecule [22] . Unlike a peroxidase, peroxygenase, or catalase, all of which manage both the generation of an oxidizing species and its reaction with a cosubstrate, Cld generates compound I and hypochlorite in tandem. Tight linkage between compound I formation and hypochlorite rebound are likely responsible for the highly faithful specificity of Cld. The proposed rebound of hypochlorite with compound I within the sequestered distal pocket would rapidly complete the reaction (Scheme 1) and prohibit reduction of the high-valent iron intermediate by external molecules. A recent attempt to generate ironporphyrin model complexes capable of efficiently producing O 2 from chlorite had limited success [60] . The major reason for the poor yield of O 2 was attributed to hypochlorite escape after compound I formation allowing comproportionation of compound I with the unoxidized iron-porphyrin complexes to create a new catalytic population incapable of O 2 production.
As with other heme enzymes that react with oxidants, Cld is known to lose activity after a certain number of turnovers. EPR studies suggest that Cld inactivation occurs through the initial formation of an off-pathway tryptophanyl radical species, eventually leading to heme degradation [22] . The radical species is produced by the migration of an electron from surrounding tryptophan residue(s) to the compound I cation porphyrin radical. The crystal structure of A. oryzae Cld identified a highly conserved tryptophan residue in Cld homologs that is adjacent to the heme, and is strictly conserved in Clds from perchorate/chlorate respirers [23] . The corresponding Trp-155 in D. aromatica Cld occupies a similar position and has been implicated in forming the observed organic radical [22, 23] . Inspection of the active-site pocket in D. aromatica Cld suggests two other tryptophan residues (Trp-156, Trp-227) as possible candidates (Fig. 6a) . Although Trp-156 and Trp-227 are not highly conserved across all Cld homologs, they are conserved across Clds from known perchlorate/chlorate respirers. Trp-156 is juxtaposed to Trp-155, and was also identified as a possible radical site in the A. oryzae Cld crystal structure. The proximity of these two residues could allow for delocalization of the radical species between them. Trp-227, in the proximal heme pocket (Fig. 6a) , is part of the 13-residue stretch that was ordered in the D. aromatica Cld structure compared with the A. oryzae Cld structure. This Trp-227 could undergo one-electron oxidation via a hydrogen-bonding network originating at His-170, the proximal ligand to the iron. The 20-fold-averaged F o -F c map displayed a strong, spherical peak within the proximal pocket that has been modeled as water (B factor of 22.7 Å 2 ) (Fig. 6b) . Refinement of water at this position does not return positive difference electron density, which might suggest the presence of a more-electronrich molecule or ion. In a 3.0-Å -resolution crystal structure, the ability to model and refine a water molecule suggests high occupancy and little disorder. Thus, the most direct pathway of electron transfer to Trp-227 involves residues His-170, Glu-220, and His-224, and a water bridging His-224 and Glu-220 (Fig. 6b) . In cytochrome c peroxidase (PDB entry 16sv) [61] , the radical-forming tryptophan residue resides in a hydrogen-bonding network with hemebound histidine and aspartate residues positioned similarly to residues His-170 and Glu-220 in Cld [62, 63] , and these hydrogen bonds are known to be key for tryptophanyl radical formation in cytochrome c peroxidase [64] .
Residues immediately surrounding the active site suggest that following completion of the enzymatic cycle there could be a preferred exit direction for molecular oxygen that is distinct from the proposed entry point of chlorite. The apolar O 2 product would be expected to preferentially take a hydrophobic route, but identification of O 2 channels in enzymatic systems is challenging. A recent study of copper amine oxidase homologs in complex with xenon (an analog for O 2 ) suggested that multiple dynamic pathways probably exist [65] . These were constantly changing as the enzymes evolved, being restrained only by the common tertiary structure that dictated the hydrophobic interactions between secondary structures. In Cld such an area exists between a b-sheet and an a-helix that leads from the distal pocket to the protein surface (Fig. 7) . This area abuts Phe-200 of the distal pocket, and is in a direction orthogonal to the postulated place of substrate entry at Arg-183 (Fig. 7a) . The opposite side of the enzyme has a predominance of polar residues between the distal pocket and the solvent, which would be an unfavorable environment for O 2 (Fig. 7b) . Some directional control of O 2 expulsion from Cld may be critical as all perchlorate-respiring bacteria are either facultatively anaerobic or microaerophilic, and perchlorate respiration is downregulated in the presence of O 2 [9] . However, the ultimate fate of Cld-generated O 2 in these organisms is unknown.
Cld and photosystem II are the only enzymatic systems known to efficiently catalyze O-O bond formation. This is a reaction that is difficult to catalyze synthetically, even with chemically active oxygen atom donors. The crystal structure of Cld suggests that the speed and specificity of the Cld-catalyzed reaction lies in the ability of a tightly sequestered distal pocket to generate the electrophilic and nucleophilic oxygen atoms of compound I and hypochlorite, respectively, and to control their reaction to give products. Fig. 7 Putative O 2 exit direction. a Polar residues are drawn in cyan sticks and nonpolar residues are drawn as gray sticks. The heme is colored green, the nitrito ligand is in atom colors, and the iron is shown as an orange sphere. b A 90°rotation about an axis perpendicular to the heme plane. Coloring as in a. This figure was generated using PyMOL (http://www.pymol.org/)
